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ABSTRACT: This paper summarizes the results of an
investigation of the magnetic properties of selected
" spacecraft materials. Experimental measurements
describing the effects of magnetic field exposure,
shock, vibration, and temperature on the induced
and reémanent dipole moment of Kovar, Dumet, Invar,
Nickel, 30488, L1088, and 416SS rod specimens are
_presented. Analysis of the data indicates that
temperatures of T7° X to 390° K, shock to 50 g,
and vibration to 25 g produce negligible effects
on dipole moment for specimens having length-to-
diameter ratios of 5.5. The remenent and induced
moments of rod samples having length-to-diameter
ratios of 40 or less are linearly related to mag-
netizing forces less than 25 cersteds. By means of
the data provided, predictions of the dipole moment
can be made for these materials if the alloy,
demagnetization factor, magnetizing field, volume,
and length-to-diameter ratio are known.

Nomenclature

B magnetic induction (Br, residual induction;
Bypss retentivity; Bg, saturation induction)

D diameter

H magnetizing force, magnetic field strength
(Ha, applied field; Hq., coercive force;
Hes, coercivity)

I intensity of magnetization

L length

M magnetic moment

m length to diameter ratio

N demagnetizing factor

R measurement range

v volume

B permeability, normal

pt permeability, apparent
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Introduction

Recent emphasis on the systematic exploration of
the boundary of the Earth's magnetosphere and beyond
has served to set strict limitations on the msgnitude
of magnetic fields produced by the spacecraft. To
assure that spacecraft fields do not degrade the
accuracy of the flight magnetometers, maximum field
intensities of 1 nanotesla (1 gamma) are being
specified for the complete spacecraft. This speci-
fication is related to current flight magnetometer
sensitivity of 0.1 nanotesla and the 4 to 10 nano-
tesla quiescent level 0¥ The interplanetary megnetic
field. As listed in Table 1, the fields of pre-
viously flown spacecraft (1), which were of suffi-
cient interest to be reported, range from
approximately 0.2 to 58.8 nanotesla at a range of
2 meters (nominal sensor location). Design of
spacecraft complying with 1 nanotesla, or less,
require close attention to the magnetic properties
of all meterials used in fabrication.

Although achievement of a low-moment spacecraft
design would be realized by elimination of all
ferrompgnetic materials, a large percentage of elec-
tronic parts still contain magnetic materials.
Therefore, it is extremely useful to know the mag-
netic properties of these essential components to
provide a basis for design and prediction of
spacecraft fields.

Much information on the types of materials used
in the design of conventional magnetic eircuits may
be found in the literature. The magnetic properties
of the materials studied in this report are inci-
dental to their application, and consequently,
little or no informetion can be found on their per-
tinent magnetic properties. Experimental measure-
ments have been made to provide the missing
information under conditions simulating the environ-
mental exposures occurring during the menufacture,
transportation, and launch of spacecraft.

By means of the Tables and Curves found in this
report, it is possible to make estimates of the
megnetic moments of spacecraft components.

Basic Relationships in Ferromagnetism

There are two bagic magnetic quantities and an
arbitrary constant® from which all other magnetic
quantities are derived (2). They are magnetic
‘induction, B, magnetizing force, H, and permeabil-
ity, po. Magnetic induction is the quantity mea-
sured by the mechanical force experienced by a
current-carrying conductor in a magnetic field.
The measure of the ability of an electric current
to produce magnetic induection at a given point is
called the magnetizing force, H. Permeability is
tho rativ of the magnetic induction to the
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corresponding magnetizing force. The value assigned
to the permeability of free space, u,, determines
the system of units and is equal to fix x 10-7 hen-
ries per meter in the MKS system and to unity in
the c.g.s.-e.m.u. system used in this report.

With the definitions of B, H, and p, a dynamic
set of characteristics may be defined. If a
demagnetized closed ring specimen is subjected to
increasing velues of H, there is a corresponding
but nonlineer increase in B. This effect is 1llus-
trated in Fig. 1, and is called the normsl induc-
tion or virgin megnetization curve. The hysteresis
of the material is characterized by the partial
retention of the induction when H is reduced to
zero. If the material were previously magnetized
to saturation, the induction retained is called the
retentivity, Bypg; for lower exposure levels, the
term residual induction B, is used. The negative
megnetizing force at which By becomes zero is
called the coercive force, He, and the moment at
which Bpg becomes zero is called the coercivity,
Hes

Magnetic induction is made up of two components:
one induced in the space occupied by the specimen
(H) and the other due to the intrinsic magnetiza-

tion of the specimen (UxI). That is

B=H + bxi
or L

']':=B,+—-H (l)
and I is the intensity of magnetization (3).

Equation (1) is sometimes called the magnetic equa-
tion of state because it describes the behavior of
ferromagnetic media in a magnetic field.

These equations assume homogeneity in the meg-
netic circuit typified by torroidal core struc-
tures. However, spacecraft, magnetic material
shapes can often be approximsted by slender cylin-
ders. The relatively high reluctance of space as
conmpared to that of the material causes the net
magnetizing force inside the rod to be less than
the applied field. Classically this dimunition is
attributed to the formation of fictitious poles at
the ends of the rod. As a result, the hysteresis
curve for the rod specimen appears to be sheared in
comparison with the hysteresis curve of closed rings
as shown in Fig. 1.

For rod specimens (4) the equation of state is

B = Hy - NI

= # B-~H

Ho N( b ) @)
Where H is the megnetizing field acting on the
middle of the rod, H, the applied field equal to
that which would exist if the specimen were removed
and B the flux density measured at the mbddle of
the rod. N represents the demagnetizing factor to
accommodate for specimen shape with a finite length
to diameter ratio (m). It is assumed that H, B,
and I are parallel to E; and uniform throughout
the specimen, which permits the vector notation to
be discarded.

The normal permeability of a ferromagnetic mate-
rial is defined as pu = B/H measured on a closed
loop specimen. The magnetic induction is measured
for known values of H, and p is calculated. For
a cylindricael specimen made from the same material

the effective permeability (u') is less and may be
defined by

or the eguivalent

tit
1

(3)

Substituting (3) end the definition of normal per-
mesbility into eguation (2) yields

S m b L (4)
-1 u(p-1) by
If p>>1
.t N
o' g

For known values of Hy, N, and g the induction B
may be calculated from eguation (3). Substituting
equation (4) into (2) yields

o Bl + (/)] - (NB/4x)

(5)
1 - (W/kn)

The intensity of megnetization is obtained by sub-
stituting (5) into (1) and

1 Holl + (N/hn)] - (WB/kx)
1= {.’B -l }

1 - (N/b4x)
The magnetic moment, M, of & body is equal to the
volume integral of the vector, I, and for rods,
assuming M 1is parallel to L 1is

M= IV

After calculating the magnetic moment of the rod,
the magnetic fields can be calculated at any range
using the dipole approximation. The on axis field
of a magnetic dipole is given by

_2M
i=%

where R 1is the distance from the geometric center
of the specimen to the point of measurement. There-
fore, the external magnetic field produced by cylin-
drical shaped specimens can be calculated if the
permeability, magnetizing force, and the length-to-
diameter ratioc is known. However, because of the
simplifying assumptions, experimental measurements
are relied upon to determine the curve relating
permeability to the intensity of magnetization and
to find the curves for residual induction and
coercive force.

Materials Selection

Seven ferromegnetic materials commonly used for
spacecraft electronic or structural purposes were
selected for this study. These materials and their
uses are listed in Table 2. The purity and some
properties of these materials, shown in Table 3,
were verified by independent measurement. The
geometrical shapes of the specimens studied are
listed in Table k.

Experimental Apparatus

The magnetic field measurements of the specimens
were made in the Ames Research Center 12-foot coil
facility (5). The Earth's magnetic field was can-
celed to eliminate induced moments in the specimens
during residual induction measurements. High field
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intensities were generated using e multiturn coil
approximately 10 cm long and 10 cm in diameter
which produced fields from zero to 400 gause uni-
form to 3% over the volume of the specimens. The
low field intensities were generated using & sole-
noid 61 cm in length and having a bore approxi-
mately 15 cm in dismeter. The magnetic field
intensities of the specimens were measured with a
fluxgate magnetometer? sensitive to 0.2 gamma.

Experimental Procedure

Induction Measurement

The magnetic induction tests were performed on
demagnetized specimens. The stray fields of the
coil were compensated using circuitry built into
the magnetometer. After placing the specimens in
the unenergized coil, the current was adjusted to
provide a preselected magnetizing force and the
resulting field intensity measured by the magne-
tometer was recorded. The specimen was then with-
drawn and demsgnetized in preparation for the next
higher exposure level.

Residual Induction Measurements

The procedures used for the residual magnetic
induction messurements were similar to the tests
for magnetic induction. The depermed specimens
were placed in the coil and exposed to a known mag-
netizing force. After the coil was de-energized,
the residusl magnetic fields of the specimens were
measured using the magnetometer under zero ambient
field conditions.

Coercive Force Measurements

Coercive force messurements were made after each
specimen had been exposed to a known magnetizing
force. The residual magnetic induction wase brought
to zero by applying a momentary magnetizing force in
the direction opposite to the initial exposure.
Values for the initial exposure and for the reversed
exposure which reduced the residual induction to
zero were recorded. Conventional coercive force
measurements are made during application of a mag-
netizing force which reduces the induction to zero.
However, for these studies, momentary exposures
were used to realistically simulate the exposures
received by spacecraft.

Vibration and Shock Effects Measurements

Vibration stresses were induced into the speci-
mens using a M.B. Electronics Model 2750MB ampli-
fier with a Model C11-D calibrator/exciter system.
The accelerometer used to monitor the g levels
was a Columbia Model 504-3 with a Model 602 Dial-A-
Gail amplifier. The drive unit was set up at a
remote location to avoid magnetic interference. A
nylon shaker fixture which held the specimens wes
connected horizontally to the exciter system via a
182 cm (6 ft) thin-walled aluminum push rod, 1.5 cm
in diameter. Dead load deflection of the push rod
was reduced by use of a two point suspension near
its center. The natural resconant frequency of the
rod and fixture was determined to be outside the
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vibration frequency bend of interest. An accelera-
tion level of 25 g was induced in the samples over
8 frequency range of from zero to 2000 Hertz for a
period of time not exceeding 300 seconds to simulete
the launch environment. The specimens were first
vibrated while in a8 25 cersted msgnetizing force to
determine the induced moment effects and then
vibrated after a momentary exposure to a 25 oersted
magnetizing force to determine residual moment
effects.

The specimens were subjected to shock stresses
by dropping the specimens on a haerd surface from an
elevation of approximately 30 cm to obtain a shock
level of approximately 50 g» Shock tests were per-
formed on the specimens after they were subjected
to a magnetizing force of 25 ocersted to determine
if the residual magnetic induction would change.

Temperature Effects Measurements

The influence of temperature on Bp stability
was determined by exposing specimens to a 100 gauss
megnetizing force and then varying the temperature.
Measurements of the magnetic field intensity were
performed on specimens at 390° K and 77° K.

Error Anslysis

The estimated error in the calculated induction
field values is <100%. The error is attributed to
the following: (a) variations in properties result-
ing from composition or processing and (b) nonuni-
form magnetization intensity over the entire
cylindrical shape. The estimated uncertainty of the
calculated values of magnetic moment obtained from
measurements of the external field is considered to
be less than 5% including random and systematic
errors.

Temperature measurement uncertainties of 15° K
at the elevated temperature and 3° K at the low tem-
perature resulted primsrily from the inability to
attach thermocouples directly to the specimens.

Experimental Results

The materials tested can be divided into two
types according to application: The first type,
consisting of Kovar, Invar, Dumet, and Nickel, is
used in the manufacture of electronic parts :and is
presented together in the graphs. The second type,
consisting of %16, 410, and 304 stainless steel, is
used in the manufacture of structures and fasteners
and is similarly grouped.

Induction Properties

The induction moments of seven different mate-
rials were obtained for various length to diameter
ratios as & function of magnetizing force. Also,
the induction moment of Kovar was measured as a
function of length to diameter ratio at one level
of magnetizing forece.

The induction moments of Kovar, Invar, and Dumet
are shown in Fig. 2. The Kovar and Invar samples,
tested in configuration A (m = 5.5) exhibit a very
linear response to megnetizing forces less than
100 oersteds. However, the Kovar and Dumet samples
in configuration B (m = %0), show a tendency to
saturate at the 100 oersted level. The test
results on the 41653, 410SS, 30488, and Nickel
semples in configuration A did not tend to saturate



as the magnetizing force approasched the

100 cersted level. Figure 3 illustrates typical
date as a function of magnetizing force. The
41088 and 416SS data are plotted as one curve
because their characteristics are very similar,
see Table 2.

The effect of m on the induced moment of
Kovaer samples tested in configurations B through L
at a magnetizing force level of 1 oersted is
showm in Fig. %, and listed in Table 13. The low
level of magnetizing force was chosen to assure
that the specimen would not saturate in configure-
tion L (m = 240). However, the theoretical induced
moment curve does show a tendency to saturation at
high m wvalues. The results of this test illus-
trate a very important design consideration. That
is, if a long piece of magnetic lead material were
reduced in length, by an order of magnitude, the
induced moment of the lead would be diminished by
approximately two orders of magnitude. Reducing
the m wvalue is then an effective method of
reducing induced moment.

Residual Induction Properties

The residual induction moments of all the mate-
rials are shown in Figs. 5 and 6, and listed in
Tables 5 through 12. The results shown in Fig. 5
indicate that the residual induced moment of Kovar
and Dumet with high values of m(40) approach

"saturation at relatively low levels of magnetizing
force. In fact, it could be inferred that they
will saturate very close to the 30 oersted level.
It appears that the knee of the Dumet curve is
closer to the 20 oersted level. The Kovar and
Invar samples with m's of 5.5 show linear charac-
teristics over the magnetizing force range with
only slight tendencies to saturate. Curves simi-
lar in shape to the Kovar and Invar, m = 5.5, were
obtained for Nickel, 41688 and 410SS as shown in
Fig. 6. A general comparison of Figs. 5 and 6
indicate that all of the materials except 30485
are equally magnetic. Since 304SS is an austen~
itic stainless, it should exhibit lower
magnetizations.

Coercive Force Properties

The coercive force properties of all the con-
figuration A materials except Dumet, were obtained
as a function of magnetizing force. These results
are shown in Fig. 7. The data illustrate that
30488 is the only material exhibiting a linear
response to magnetizing force over the range of
zero to 100 ocersteds. That is, a fixed percentage
of the magnetizing force, if applied in the oppo-
site direction in the sample will always reduce
the residual induction to a zero value. It should
be noted that a similar condition exists for the
other materlals at magnetizing forces less than
approximately 25 oersteds.

Vibration and Shock Effects on Properties

The vibration and shock levels which were deter-
mined from known levels of the THOR DELTA launch
environment, were induced into the specimens in
configuration A. The specimens were subjected to
vibration levels while in a magnetizing field of
25 oersteds and again in zero ambient field after
momentary exposure at the same level. They were
subjected to shock stresses on the order of 50 g

after a momentary exposure of 25 oersteds. The
results of those tests indicate that mechanical
effects on the magnetlic properties of specimens with
m = 5.5 are negligible (less than 5%) for magnetiz-
ing fields of 25 cersteds.

Temperature Effects on Properties

The samples in configuration A were subjected to
temperatures of 390° K and 77° K after exposure to
a 25 oersted magnetizing force. Data obtained with
specimens at these temperatures showed a negligible
change.

Discussion

Comparisons of experimental data with values of
induction moment calculated for Kovar (6}, Invar
(7), Nickel (8), 4168S (8), are shown in Figs. 2
and 3.

Reasonably good agreement is shown for all speci-
mens at the high levels of magnetizing force because
the permeability is becoming more nearly constant.
Better agreement could be obtained if eguation (3)
were expanded to account for the nonuniform inten-
sity of magnetization in cylindrical specimens. A
closer approximation to B might be obtained by
integrating B over the length of the rod to find
some aversge value correction factor. Bozarth (3)
suggests the need for "some kind of averaging."

The figures indicate that the experimental and theo-
retical values agree within a factor which ranges
from about 1.2 to 2.

No theoretical model was found which would per-
mit accurate calculation of the residual induction
moment as a function of magnetizing force. An
attempt was mede to apply & hyperbolic demagnetiza-~
tion curve approximation based on permanent magnet
materials to these specimens; however, the develop-
ment proved invalid. In lieu of a mathematical
model, one can use the residual induction moment
data contained in this report for estimating the
residual moment of parts. Recalling that the
induction B is always larger than the By, for a
given exposure level, one may calculate a worst
case remanent moment using the equations for
induction.

Conclusions

An analytical model of the induction moment of
rod specimens, based on formulas available in the
literature, was derived. Experimental verifica-
tion of the model was accomplished by demonstrating
the influence of permeability, demagnetization fac~-
tor, magnetizing force, and volume on the materials.
The model was found to give a reasonably accurate
prediction of induction moment for specimens whose
length to diameter ratio ranged from 5 to 100.
Analysis of the induction moment experimental data
indicates the following: P

The calculated value of induction moment was
always larger than the experimental value.

All of the controlled expansion alloys studied
have similar magnetic properties and their induction
moments are approximately linear for magnetizing
environments less than 30 gauss.

The magnetic moment of & cylindrical specimen can
decrease two orders of magnitude for a decrease in
length to diameter ratio of one order of magnitude.

Efforts to develop an analytical model for calcu-
lating the coercive force and the residual induction



moment were not successful. The experimental mea-
surements covering the length-to-diameter ratios
and the megnetic field exposure levels of interest
in spacecraft design support certain generalize-
tions: For any one material, the residual induc-
tion moments are at least an order of megnitude
less than the induction moments for a given mag-

netizing force. The residual induction moment may

be linearly extrapolated to low field values for
magnetizing forces less than 25 gauss. For proba-
ble spacecraft exposure field levels (1-10 gauss),
there is little basis for distinguishing between
the controlled expansion alloys on the basis of
their residual induction moments.

The coercive force measurement data indicate
that all of materials tested with a length to
diameter ratio of 5.5 are similar in their
response to megnetizing forces of less than
10 gauss. In addition, the ratio of the coercive
force to the megnetizing force tends to be a con-
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TABLE 1--Magnetic fields of some interplanetary spacecraft.

Post 25 gauss®

a
Spacecraft Date megnetizing force Demagnetized’
0Go-4 (8) k/15/6k 146.8 58.8
Explorer (8) IMP-C 7/30/6k4 15.7 0.6
Explorer XXI (8) IMP-B 8/1L/6h 12.3 0.5
Pioneer VI 12/16/65 1.6 0.2
Pioneer VII 8/17/66 1.5 0.2
&ppproximate measurement range, 2 meters.
TABLE 2--Materials selected for study.
Materials Use Comment
Nickel Electronic components A standard lead materisl; good weldability
Kovar Electronic components Controlled expansion alloy; useful lead mate~
rial - has coefficient of thermal expansion
matching glass
Dumet Electronic components Standard lead msterial, good weldability
Invar Electronic components Controlled expansion alloy
L10 stainless steel Structural General purpose stainless steel. Excellent
availability; good resistence to chemicals
and atmosphere
k16 stainless steel Structural Free machining modification of type 410
30k stainless steel Structural Low carbon modificetion of 30285. Excellent

atmosphere resistance and machinability




TABLE 3--Chemical and physical properties of rod specimens.

Ma jor constituents, % ﬁ;;lgz::éi'
Material Source e Comment
c Cr Fe Mn Ni P si s Co B c
Nickel Pacific Metals 0.03  ~— ——— -  pc* —— 0.08 -=-= R0.5 Cold drawn
heat FNTOS0A
Kovar  Westinghouse —== ===  53.00 0.46 29.00 --—- 0.0L -— 17.53 82.8 Heat #920050
Blectric Co. . )
Dumet General Elec~- ——— - 57.00 1.00 k2.00 = ——n  ——n - —— Has copper
tric Company sheath
Invar Carpenter 0.08 - PC 0.87 35.7% ~=— 0.31 -—= - 9hk.0 Cold drawn
steel heat #66719
k10ss Carpenter 0.12 12.13 PC 0.53 -~~~ 0.0L 0.33 0.01L ~--- 98.5 Cold drawn
steel heat #81Ok9L
h16ss Ames Research 0.01 12.85 PC 0.82 - 0.02 0.36 0.26 --- 98.5 Annealed
Center Stock ‘ grain size
v item ASTM #9
3088 Carpenter 0.07 18.30 PC 0.94% 8.47 0.03 0.64 0.02 -——- 28.5 Cold drawn
steel heat #67844
*Principal constituent - remainder of percentage.
TABLE 4--Geometrical properties of rod specimens.
Configuration Length, cm Diameter, cm Volume, M
. cubic cm
A 5.080 0.952 3.62 5.47
B 5.080 0.127 0.06 40.00
o} 7.62 0.127 0.10 60.00
D 10.16 0.127 0.13 80.00
E 12.70 0.127 0.16 100.00
F 15.2h 0.127 0.19 120.00
G 17.78 0.127 0.22 140.00
H 20.32 0.127 0.26 160.00
I 22.86 0.127 0.29 180.00
J 25.40 0.127 0.32 200.00
K 27.94 0.127 0.35 220.00
L 3048 0.127 0.38 240.00
TABLE 5--Results of nickel tests.
[N/bn = 0.036, m = 5.4, V = 3.621 cm]
Magne- Field Field Induction Induction Residual Coercive
tizing Norual intensity, intensity, moment , moment , induction force,
force, permr?— theoreticel, experimental, theoretical, experimental, moment , experimental.,
ability ) g experimental,
oersted gamma, gamma gauss-cm> gauss-cur 5 oersted
gauss—-cm
0.5 * e 1.7 - 2.08 — —
1.0 1000 5.9 27.8 7.8 3.9 0.0 ——
5.0 720 271.8 124.0 38.5 17.6 0.2 2.3
10.0 410 528.1 280.0 74.8 39.6 0.7 ——
15.0 287 770 .4 420.0 109.1 59.5 1.8 75
20.0 220 999.2 568.0 145 80.4 3.3 ——
25.0 180 1217.3 717.0 172.4 101.5 5.2 12.9
35.0 — —— — — —— 10.8 18.2
100.0 58 3754 .2 3313.0 531.5 469.1 .0 ko

*,
Data unavailable.



TABLE 6--Results of Kovar tests.
(8/bn = 0.036, m = 5.4, V = 3.6 cu®, R = 30.48 cm]

Magne- Normal Field Field Induction Induction ?ﬁzigz?tn Coercive
tizing perme— intensity, intensity, monment , moment, moment force,
force, abilit theoretical, experimental, theoretical; experimentel, experi éal experimental,
oersted ¥ gammsa. gamma, gauss-cm> gauss-cm> xgaisgfgmﬁ ’ ocersted
0.5 1000 27.4 20.6 3.9 2.9 — -
1.0 2000 55.7 39.0 7.9 5.5 0.0 ——
5.0 2375 279.3 193.0 39.5 27.3 0.2 2.3
10.0 1600 555.3 388.0 78.6 54.9 0.8 —
15.0 1300 829.6 580.0 117.4 82.1 1.8 7-1
20.0 1100 1101.8 769.0 155.9 108.9 2.9 _—
25.0 900 1369.4 946.0 193.8 133.9 k.2 10.9
35.0 — - —— - - 6.6 1k.2
100.0 200 4938.1 4330.0 699.2 613.1 18.1 26.1
TABLE T--Results of Kovar tests.
(2/kx =0.0018, m = 4O, V = 0.064 cm]
0.5 1000 6.4 3.8 0.9 0.5 -_— ——
1.0 2000 15.7 7.6 2.2 1.1 0.0 ——
5.0 2375 81.2 47.5 11.5 6.7 1.3 J—
10.0 1600 148.7 88.0 21.0 12.4 2.3 -—
-15.0 1300 210.5 14%0.0 29.8 19.8 3.0 ——
20.0 1100 266.1 176.0 37.7 2h.9 3.6 ———
25.0 900 309.5 210.0 43.8 29.7 3.8 —
35.0 — — —_— — —— b1 ———
100.0 200 527.9 h3h Th.7 61.14 4.3 ——
TABLE 8--Results of Dumet tests.
[N/bx = 0.0018, m = 40, V = 0.064 cm®, R = 30.48 cn]
0.5 * —_— 2.7 _— 0.h — -
1.0 * — 5.1 — 0.7 0.0 -
5.0 * — 30.0 — k.2 0.8 —
10.0 * —— 68.0 —— 9.6 3.0 J—
15.0 * — 98.5 — 13.9 5.1 —_—
20.0 * — 134.0 — 18.9 6.6 —
25.0 * _— 163.0 ——— 23.1 7.6 e
35.0 * — — —— — 8.1 —
100.0 * -—— 370.0 _— 52 .k 9.8 —_—
TABLE 9--Results of Invar tests.
(W/4x = 0.036, m = 5.4, V = 3.6 co®, R = 30.48 cm]
0.5 * — 21.2 — 3.0 — —
1.0 35 k2.1 Lo.o 6.0 5.7 0.0 ——
5.0 500 267.2 203.0 37.8 28.7 0.3 2.6
10.0 610 539.8 411.0 76 .4 58.2 1.3 —,
15.0 yof 798.5 618.0 113.0 87.5 2.9 8.0
20.0 hoot 1054.5 824.0 149.3 116.7 4.8 ——
25.0 300t 1289.1 1006.0 182.5 b2k 6.5 10.3
35.0 * —— — —— — 9.3 12.3
100.0 * —— 4135.0 ——— 585.4 19.4 21.0

*Data unavailable.
1'Ex‘c.ra];)ola’ced.



TABLE 10--Results of L16SS tests.
{(N/kx = 0.036, m = 5.4, V = 3.6 em3, R = 30.48 cnm]

Magne~ N Field Field Induction Induction Rzgld:?l Coercive
tizing ormal intensity intensity moment moment induction force
perme- 2 ? ? 2 moment J
force, bilit theoretical, experimental, theoretical, experimental, experimen ‘t’;al experimental,
oersted S0tV gamma ’ gamma, gauss-cm> gauss-cm® *D ’ oersted
gauss-cm>
0.5 * ’ —— 19.8 —— 2.8 —_— ——
1.0 500 50.3 36.8 7.6 5.2 0.0 e
5.0 600 269.7 196.0 38.2 27.7 0.3 2.3
10.0 760 54l .6 394.0 771 55.8 1.1 i
15.0 6l 811.8 592.0 11k.9 83.8 2.3 6.8
20.0 550 1074.3 785.0 152.1 111.1 3.7 ——
25.0 465 1330.5 96k.0 188.4 136.5 5.3 11.97
35.0 — — — - — 8.6 1%.0
100.0 160 4785.8 4090.0 677.6 579.1 27.3 30.0
TABLE 1l--Results of 41088 tests.
{N/bx = 0.036, m = 5.4, V= 3.6 em3, R = 30.48 em]
0.5 * —— 19.8 —— 2.8 — —
1.0 500 50.3 36.8 7.6 5.2 0.0 e
5.0 600 269.7 196.0 38.2 27.2 0.3 2.3
10.0 760 54k .6 39%.0 771 55.8 1.1 ———
15.0 b6l 811.8 592.0 114.9 83.8 2.3 6.7
©20.0 550 1074.3 785 .0 152.1 111.1 3.7 —
25.0 —— 1330.5 96k4.0 188.4 136.5 5.3 11.9
35.0 — ——— —— — — 8.7 1.1
100.0 160 4785.8 4090.0 677.6 579.1 27.2 29.9
TABLE 12--Results of 303SS tests.
(N/bx = 0.036, m = 5.4, V = 3.62 cm3, R = 30.48 cnm]
0.5 * — 0.5 _— 0.1 — —_—
1.0 * —— 0.8 —— 0.1 0.0 0.0
5.0 * — 3.0 - 0.4 0.0 3.0
10.0 * — 6.6 — 0.9 0.0 —
15.0 * — 10.2 — 1.4 0.0 9.0
20.0 * e 13.5 — 1.9 0.0 ———
25.0 * - 6.2 — 2.3 0.1 15
35.0 * -— —_— — —— 0.2 20
100.0 * —— 80.0 - 11.3 3.1 59.1
*Data unavailable.
TABLE 13--Theoretical and experimental induction moments of Kovar as a function
of L/D ratio H, = 1 oersted, p = 2000.
Field Field Induction Induction
(L/D) N/40~5 Volume, Measurement, intensity, intensity, moment , moment. ,
m cm3 range-cm theoretical, experimental, theoretical, experimental,
ganms, gamna, gauss-cm> gauss-cm3
240 6.2 0.385 152.4 3.1 1.7 54.6 30.1
220 7.4 0.353 139.7 3.6 2.0 48.9 27.2
200 9.0 0.321 127.0 ko2 2.0 43.3 20.5
180 11.0 0.289 11k.3 5.0 2.6 37.7 19.4
160 k.0 0.257 101.6 6.1 3.0 31.9 15.7
1h40 18.0 0.225 88.9 7.5 k7 26.3 16.5
120 25.0 0.193 76.2 9.2 6.3 20.4 13.9
100 36.0 0.161 63.5 11.6 9.1 1%.8 11.6
8o 54.0 0.129 50.8 15.0 1.2 9.8 7.3
60 90.0 0.096 38.1 19.7 20.0 5.4 5.5
ho 180.0 0.064 25.4 27.1 _— 2.2 ——
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Fig. 1--Normal and sheared hysteresis loops.
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Fig. 5--Effect of magnetizing force on residual
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